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ABSTRACT: Using time-lapsed ambient-pressure X-ray photoelectron spectroscopy, we
investigate the thermal oxidation of single-crystalline Ir(100) films toward rutile IrO2(110) in
situ. We initially observe the formation of a carbon-free surface covered with a complete
monolayer of oxygen, based on the binding energies of the Ir 4f and O 1s core level peaks.
During a rather long induction period with nearly constant oxygen coverage, the work
function of the surface changes continuously as sensed by the gas phase O 1s signal. The
sudden and rapid formation of the IrO2 rutile phase with a thickness above 3 nm, manifested
by distinct binding energy changes and substantiated by quantitative XPS analysis, provides
direct evidence that the oxide film is formed via an autocatalytic growth mechanism that was
previously proposed for PbO and RuO2.
I ridium is the most corrosion-resistant metal, making it asuitable material for applications that require high reliability
under extreme conditions, such as spark plugs in aviation
engines, deep water pipes, or crucibles for evaporation sources.
The oxides of Ir are known to be very stable electrode
materials for the oxygen evolution reaction and were
intensively studied by the electrochemical community in acidic
media, including both thermally formed anhydrous oxide, as
well as electrooxidized hydrous oxide.1−5 While electrochemi-
cally formed hydrous iridium oxide is amorphous,5 the
thermally formed iridium oxide adopts the rutile structure,
but the formation of such films requires oxygen pressures in
the millibar range.6,7 Such pressures are significantly higher
than most surface sensitive, electron-based characterization
techniques can tolerate, and given the difficulties with the
controlled synthesis of rutile iridium oxides these materials
were avoided by the surface science community for a long
time. Recently, thermally grown IrO2(110) films were found to
be an excellent catalyst for low-temperature activation of
methane,8 which initiated an intense research focus on the
chemistry and the properties of the IrO2(110) surface.
6,9−12
The (110)-oriented IrO2 surface can be formed by thermal
oxidation of Ir(100) substrates or by epitaxial growth of IrO2
thin films on rutile-based substrates such as TiO2(110)
13,14 or
RuO2(110)/Ru(0001).
15,16 While the epitaxially grown films
demonstrate a better crystallinity compared to thermal
oxidation, as observed using low-energy electron diffraction
(LEED) and scanning tunneling microscopy (STM),13−16 the
preparation of such samples is rather time-consuming and a
direct formation of the oxide film via thermal oxidation of
Ir(100) is more desirable. Recently, the pressure dependence
of the oxide growth, its structure, and the amount of oxygen
within the oxide film were studied using LEED and
temperature-programmed desorption. It was found that rotated
IrO2(110)R27° films can be grown by thermal oxidation of
Ir(100) at 765 K and O2 pressures of 0.75 Torr,
6 while aligned
IrO2(110) domains form upon oxidation using the same
temperature at 5 Torr.7 The structure of the oxides is well-
known, but the kinetics of the oxide growth are still not well
understood, calling for in situ studies with techniques such as
ambient-pressure X-ray photoelectron spectroscopy (APXPS).
In this Letter, we report on the thermal oxidation of single-
crystalline Ir(100) films in situ during time-lapsed APXPS
measurements (see section S1 of the Supporting Information
for experimental details). As received samples were inserted
into the APXPS endstation (see overview spectrum in Figure
S1), and all treatments included only thermal annealing in high
vacuum (HV, 10−7 mbar) or 1 mbar of oxygen. During thermal
oxidation, we observe a fast removal of carbon contamination,
followed by a rather long induction period that leads to a rapid
formation of the rutile IrO2 phase within just a few minutes.
Using quantitative analysis, we determine the stoichiometry of
the formed oxide film and provide evidence that the oxide film
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is formed via a self-catalytic growth mechanism that was
previously proposed for PbO17 and RuO2.
18,19
Figure 1 depicts the evolution of the O 1s, C 1s, and Ir 4f
signals during the oxidation procedure at 765 K. Initially, in
region I under HV and 765 K (iterations 1−20, see Figure 1d),
we observe the Ir 4f7/2 peak at 61 eV which corresponds to
metallic Ir,20,21 and a pronounced C 1s peak at 284.8 eV that
originates from adventitious carbon (see Figure 1e-g, spectra
plotted in black). A weak oxygen signal is observed and is
linked to the C-containing species on the surface (see black
spectrum in Figure 1e). In region II (iterations 21−120),
molecular oxygen is fed into the chamber at a pressure of 1
mbar while maintaining a constant temperature of 765 K. The
carbon signal disappears immediately, concurrently with the
appearance of the oxygen signals. The gas-phase O 1s signal
shows up as a doublet of peaks (see red spectrum in Figure
1e),22 initially at 538.1 and 539.2 eV, while a surface main
component (α, see Figure S2a) is centered at 529.3 eV
accompanied by a broad component (β, see Figure S2a) at
531.8 eV. In a discussion later in this letter, we will attribute
these peaks to surface and subsurface oxygen atoms,
respectively. At this time Ir still has its 4f7/2 peak centered at
the metallic position (61.1 eV, see Figure 1g, red). After 48
iterations (corresponding to 23.5 min) in region II under
constant pressure and temperature, a sudden change in the O
1s and Ir 4f spectra occurs. The Ir 4f peak changes to
anhydrous IrO2, which is represented by a main Ir 4f7/2 peak at
61.95 eV21,23 (Figure 1g, blue) and can be fitted using
procedures described in ref 21. The peak position and shape
remain essentially unchanged for the rest of the experiment, as
shown in regions III and IV (compare blue and green spectra
in Figures 1g and S2b). In region III (iterations 121−130), the
temperature was lowered to 600 K while maintaining a
constant flux of O2 into the high-pressure cell. This was done
to avoid decomposition of the oxide film.6 However, we
observed a decrease of the total pressure to 0.86 mbar, which
caused an increase of signal intensity due to reduced
attenuation of photoelectrons in the gas phase (see region
III in Figure 2a). Finally, in region IV (iterations 131−161),
the heating was switched off and the high-pressure cell was
evacuated to HV, resulting in a temperature of 353 K and
pressure in the 10−7 mbar range at the end of the
measurement.
Upon the sudden film transformation (at iteration 70 in
Figure 1, corresponding to the time between minutes 32−34 in
Figure 2), the shape of the surface O 1s peak also resembles
that of anhydrous, rutile IrO2 represented by an oxide peak at
530.1 eV and a satellite peak at 531.4 eV,21 although the 529.3
eV peak is still present when the sample is at elevated
temperature under oxidizing conditions (see Figure S2a).
When the temperature is lowered below 600 K in region IV,
this 529.3 eV O 1s peak disappears (see Figure 1e, green) and
the C 1s signal starts to increase (Figure 1f, green). As a result
of carbon buildup in region IV, the oxygen 1s signal is affected
by additional components that are likely originating from the
presence of residual carbon-containing gases and H2O in the
high-pressure cell.
To quantify the information contained in the spectra shown
in Figure 1, we performed a numerical integration of
background-corrected peaks for the O 1s, Ir 4f, and C 1s
spectra. The results are shown in Figure 2a, where each point
represents an average of five spectra divided by the respective
photoionization cross section. These integrated peak inten-
sities were then used for quantitative analysis. For small
Figure 1. Time-lapse XPS spectra: (a−c) Sequence maps of O 1s, C 1s, and Ir 4f spectra acquired using a photon energy of 653 eV. Acquisition of
O + C + Ir regions (one horizontal line in the plotted image) required 29.2 s per iteration. Panel (d) shows experimental conditions within the
regions, with straight horizontal lines (extending through panels a−c) separating regions where the experimental conditions were changed. The
lower part of the figure shows averages over 20 iterations for O 1s (e), C 1s (f), and Ir 4f (g) acquired at four different stages of the oxide formation
process marked by the vertical colored bars separating the sequence maps: the black spectra (iterations 1−20) were acquired before oxygen was
introduced to the high-pressure cell, and red (iterations 25−44) and blue (iteration 81−100) spectra in (e−g) were acquired at 1 mbar O2 before
and after the bulk iridium oxide film was formed, respectively. Spectra shown in green color were acquired during cooling down of the sample in
high vacuum conditions (see iterations 142−161 in panels a−d). Fitting of the individual components for spectra shown in panels (e) and (g) is
presented in Figure S2.
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coverages of oxygen (up to minute 32), we employed an
ultrathin overlayer model (see ref 24 for more details) that is
described by eq S1. The results in Figure 2b (red) show that
the oxygen coverage between minutes 10 to 20 is around 1
monolayer (ML), which is here defined as one oxygen atom
per one Ir atom on the (100)-terminated Ir surface. From
minute 20 on, this coverage is higher than 1 ML, which is likely
caused by the diffusion of O atoms into the subsurface,
although this subsurface oxygen can also be related to the
initial formation of the bulk oxide, such as 1D or 2D oxides or
patches of suboxides with slightly different arrangements.25 For
later stages of the oxidation process, this ultrathin-film model
(described by eq S1) is no longer applicable. The complete
disappearance of the metallic Ir 4f signal indicates that the IrO2
film is thicker than the probing depth of XPS using 653 eV
photons. Time-resolved spectra shown in Figure 1 are very
surface sensitive, with inelastic mean-free paths of λ(EKin
O ) =
4.26 Å for O 1s and λ(EKin
Ir ) = 9.73 Å for Ir 4f as calculated for
electrons passing through IrO2,
26 suggesting a film thickness
above 2.9 nm (equivalent to 9 layers, see Figure 3b). This is in
agreement with previous studies on the thermal oxidation of
Ir(100) that reported the formation of a 3.5−6 nm thick
IrO2(110) film when oxidized under similar conditions.
7,8
Interestingly, before the formation of the rutile IrO2 film, we
observe a linear decrease of the intensity of the Ir 4f peak
between minutes 20 and 32 (see Figure 2a) while the intensity
of the subsurface oxygen is increasing linearly (see Figure S3).
Once the film transforms to rutile IrO2 (as sensed from the
metallic Ir 4f peak), the oxide thickness grows rapidly, since the
intensity of the metallic Ir peak vanishes and the intensity of
the O 1s peak instantly increases (see Figure 2, minutes 32−
34). The amount of subsurface oxygen is by far not enough to
form a thick rutile IrO2 with a thickness above 3 nm (nine
layers) but is still substantial. When considering the simplest
possible model of the O−Ir−O trilayer structure, the amount
of subsurface oxygen will correspond to an equivalent of 1.7
ML before IrO2 formation (see Figure S3). The only plausible
scenario for such a rapid increase in the thickness is that the
presence of IrO2 nuclei enhances the dissociation probability
of O2 molecules impinging on the surface (compared to
oxygen-terminated Ir(100) surface), that was indeed proposed
to be the mechanism of the self-catalyzed growth mechanism.18
To quantify the composition of the Ir oxide film formed in
the region after minute 34 (Figure 2), we used a model of
oxygen-rich IrO2(110) that is shown in Figure 3b. Such a
surface is fully saturated with terminal oxygen atoms (OOt) that
are placed on top of normally coordinatively unsaturated
surface iridium atoms (IrCus). Because of the low photon
energy used (653 eV), the contribution of surface atoms to the
measured peak intensity is significant. For O 1s, roughly 50%
of the measured peak intensity originates from the OOt,
bridging oxygen atoms (OBr), and oxygen atoms within the
surface layer (S), while over 90% of the measured signal
originates from the surface (S) and the first two subsurface
layers (S-1 and S-2, see Figure 3a). For Ir 4f, the surface
iridium atoms contribute about 32% to the measured intensity
with 90% of the measured signal originating from the region
reaching down to the fifth subsurface layer. The equations used
to derive the plot in Figure 3a are described in section S2 in
the SI. The stoichiometry of the bulk iridium oxide was then
determined using a model of a homogeneous binary oxide (see
section S2, SI) corrected by the contributions of the individual
atomic layers to the measured signal (see Figure 3a). This
yielded an average 2.3 ± 0.1 atomic ratio between oxygen and
iridium within the bulk iridium oxide film (see blue data points
in Figure 2b after minute 34). If a model of stoichiometric
IrO2(110) is used instead, the calculated average atomic ratio
is 2.8 ± 0.1, which is unrealistic. Thus, the model of oxygen-
rich IrO2(110) was chosen since the surface is expected to be
Figure 2. (a) Integrated intensities of the O 1s, Ir 4f, and C 1s signals
from the as-measured data shown in Figure 1. Each point represents
an average of five spectra that are divided by the respective cross
sections. The time between adjacent points corresponds to ∼2.5 min.
Between minutes 10 and 62, the C 1s intensity is set to zero since
there is no peak detectable in the as-measured XPS spectra when 1
mbar of oxygen is dosed at 765 K. Panel (b) contains the quantitative
analysis of the coverage of carbon using the model of an ultrathin
surface overlayer determined using eq S1. The same approach was
used for the oxygen coverage in the initial stage of oxidation where the
metallic substrate is still visible. After the formation of an anhydrous,
rutile IrO2 film (between minutes 32−34), the stoichiometry of the
bulk oxide was determined using eq S2 and is plotted in blue in panel
(b). Here, we used the model of an oxygen-rich, rutile IrO2(110)
surface described in section S2 in the Supporting Information (SI).
Figure 3. (a) Contribution of surface and subsurface oxygen and
iridium atoms from oxygen-rich IrO2(110), shown as a ball and stick
model in panel (b), to the measured intensities of the O 1s and Ir 4f
signals excited with a photon energy of 653 eV. Zero depth covers the
surface region that includes Ir and oxygen atoms present in the surface
layer denoted with S, terminal oxygen atoms (OOt), and bridging
oxygen atoms (OBr). Emission from these surface atoms is assumed to
not to be attenuated, while Ir and O emission in the subsurface region
is assumed to be exponentially attenuated as described by eqs S3 and
S4. Color coding in panel (b): oxygen atoms, red; iridium atoms, light
blue.
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OOt-terminated as long as the sample is exposed to 1 mbar of
O2.
10,27 The resulting ratio is still slightly higher than the
expected 2:1 oxygen to iridium ratio in IrO2 which can be
caused by a number of effects, such as, e.g., X-ray photo-
electron diffraction (XPD) effects.24 For example, our previous
XPD measurements on an isomorphic rutile RuO2(110)
surface showed azimuthal intensity modulations of 15% for
O 1s and 5% for Ru 3d for a polar emission angle of 30°.
Another effect is that in eq S3 the top Ir layer is not attenuated
(n = 0), while this layer is still covered by OBr and OOt. This
attenuation would reduce the relative contribution, rIr, of Ir to
the measured intensity, and this will reduce the O:Ir ratio
further toward the expected 2:1 ratio.
During the oxidation process, the peak shapes and positions
for metallic Ir (black spectra in Figure 1e and g) and as-grown
IrO2 (blue spectra in Figure 1e and g) agree well with
previously reported literature spectra for metallic iridium and
rutile IrO2, respectively.
21 The latter exhibits strongly
asymmetric line shapes due to the many-body screening
response of the 5d conducting electrons.28 We find an
uncommon peak position for O 1s in region II before the
bulk oxide film is formed (while the sample is exposed to 1
mbar of O2 at 765 K, see Figure 1e, red), where the main peak
(α, see Figure S2a) is centered at 529.3 eV, a value lower by
0.5 eV than the typical binding energy of 529.8 ± 0.2 eV
reported for chemisorbed oxygen on Ir(111) or oxygen in
IrO2.
13,15,21,29−31 This peak can be fitted with a single
Gaussian−Lorentzian function (see Table S1), and it is
attributed to chemisorbed oxygen in the bridging configuration
before the rutile oxide film is formed32 and to OBr after IrO2
formation. The broad peak is tentatively assigned to subsurface
oxygen (see Figures S2 and S3 and their corresponding
captions for a rationalization of these peak assignments).
While chemisorbed oxygen on Ir(100) was studied
extensively by techniques such as LEED or STM,33−35 the
number of O 1s spectra published for this surface is
limited.32,36 For coverages up to 0.5 ML, oxygen adapts a
bridging site configuration, eventually forming a (2 × 1)-O
reconstruction that is stable up to 740 K.33 In XPS, the binding
energy of O 1s is shifted by −0.5 eV compared to Ir(111),32
which is attributed to adsorption of oxygen on the bridging
sites of the Ir(100) surface compared to the threefold hollow
sites on Ir(111). Only very little is known for chemisorbed
oxygen on Ir(100) at coverages above 0.5 ML. When the
oxygen coverage is between 0.5 and 0.75 ML, compressive
stress distorts the surface. For these coverages, it is predicted
that oxygen is present both in bridge and hollow sites,37 and
the desorption temperature of oxygen is expected to be lower
due to the repulsive interactions between adsorbed oxygen
atoms,33 although this preference for the hollow site
occupation was questioned in later studies.38,39 Moreover,
chemisorbed (2 × 1)-O/Ir(100) undergoes a reversible order−
disorder transition above 650 K,33 as was demonstrated for the
(2 × 1)-O phase, where the fractional spots vanished between
620 and 680 K. This transition was shown to be reversible with
a small hysteresis (<10 K), and it is likely linked to the
enhancement of the surface diffusion of adsorbed oxygen at
temperatures above 650 K.34 For the O 1s spectrum shown in
Figure 1e (red), we find that the total oxygen coverage is 1 ML
and the signal consists of 2/3 of a ML of surface chemisorbed
oxygen32 with the remaining equivalent of 1/3 ML of oxygen
atoms located in the subsurface region40 (see Figures S2 and
S3). The underlying iridium still maintains its metallic
character, as indicated by the Ir 4f spectrum (see Figures 1g
and S2b). Fitting of the Ir 4f spectra reveals that, upon surface
saturation with chemisorbed oxygen, the Ir 4f peak shifts by
+100 meV binding energy and the fwhm increases slightly (see
Figure S2 and Table S2). Similar core-level behavior was
observed previously for chemisorbed and subsurface oxygen on
Ir(111)41 and Ru(0001).42 To our knowledge, this is the first
experimental evidence showing chemisorbed oxygen on
Ir(100) at a coverage above 0.5 ML. However, more work is
required to learn about the adsorption structure, stability, and
reactivity of high coverages of oxygen on Ir(100).
Finally, we conclude this discussion by addressing the
sudden IrO2 oxide formation, which can be observed by
following the Ir 4f core level signal (see Figure 1c). The metal
to oxide transition occurs almost instantly (between iteration
65−70, corresponding to minute 32−34), following a rather
long induction period. This metal to oxide transition shows a
very fast growth kinetics and the most plausible explanation is
to assign this to self-catalytic oxide growth, where upon the
formation of IrO2 nuclei the oxide growth is strongly
enhanced. Similar growth was previously proposed for
Ru(0001) to RuO2(110) oxidation, and this mechanism was
verified by surface X-ray diffraction studies.18,19
Interestingly, we can sense changes in the work function of
the metallic Ir substrate during this induction period. The work
function first slightly decreases and then later increases, which
results in an initial shift of the gas phase O 1s peak toward
higher binding energy, followed by a second, larger shift to
lower binding energy (see Figure S3).43 During the initial work
function decrease (iteration 21−40), we see an almost constant
coverage of both chemisorbed oxygen and subsurface oxygen
(see Figure S3). When the work function starts to increase, we
see a simultaneous increase of the amount of accumulated
subsurface oxygen (see peak β in Figure S3, iteration 41−65).
To understand this work function change, one has to refer to
different surface terminations that can occur during the
oxidation of Ir(100) toward IrO2. For clean Ir(100), two
different reconstructions are known with essentially the same
work function (ϕ) determined experimentally: for the (5 × 1)
reconstruction, ϕ = 5.95 ± 0.25 eV, and for Ir(100)-(1 × 1), ϕ
= 5.97 ± 0.23 eV.44 Density functional theory studies predict a
linear increase of the work function with increasing coverage of
chemisorbed oxygen in the 0−1 ML range.38,39 Such an
increase is related to partial electron transfer from iridium
surface atoms to oxygen adatoms, caused by the large
difference in electronegativities between oxygen (3.44) and
iridium (2.20), that yields a surface dipole layer.
At our experimental conditions, the surface is immediately in
a high coverage regime as soon as 1 mbar of oxygen is admitted
into the chamber (Figure S3). A reliable experimental value for
the work function of rutile IrO2 or Ir(100) with subsurface
oxygen is not available. Making the analogy with similar
systems such as Ru(0001) does not help to explain this work
function behavior, since for oxygen-saturated Ru(0001), where
oxygen atoms are forming a (1 × 1)-O overlayer, the surface
dipole layer reaches its maximum strength and the work
function the highest value compared to the clean Ru(0001)
surface.45,46 For higher coverages of oxygen, attributed to
oxygen incorporation into the subsurface region, the work
function decreases by about 0.3−0.7 eV, depending on the
temperature during oxygen exposure.45,46 The behavior of the
work function in the Ir−rO2 system, as probed by the gas
phase O 1s peak (see Figure S3), shows an exactly opposite
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trend: with a slight increase of the coverage of chemisorbed
oxygen on the Ir(100) surface, the position of the gas-phase O
1s peak moves toward higher binding energy (corresponding
to decreasing work function), and when the coverage of
subsurface oxygen starts to increase (blue curve in Figure S3),
the gas phase peak moves toward lower binding energy
(increasing work function). The shift of the gas-phase O 1s
peak could in principle be caused by other effects than work
function change, such as charging, but since both Ir and IrO2
are metallic, we can exclude this possibility.43,47,48 We
hypothesize that this unique behavior is caused by oxygen-
induced roughening of the surface in the initial phase (iteration
21−40), when the surface is initially sealed but undergoes
roughening due to interaction with oxygen at elevated
temperatures, as observed previously during initial stages of
oxidation of Ir(111).25 The sign for significant surface
roughening is supported by rather blurry IrO2(110) LEED
patterns reported previously under similar conditions,7 which
indicates that thermally oxidized Ir(100) is likely not a good
model system to study IrO2(110). The work function increase
during the accumulation of subsurface oxygen (see iteration
41−65 in Figure S3) is even more surprising and will require
structure-sensitive techniques capable of operation in the mbar
pressure range, such as high energy surface X-ray diffraction, to
address possible structural changes of the metallic Ir during the
induction period preceding the formation of a rutile IrO2 film.
In this Letter, we monitored the formation of rutile
IrO2(110) in situ during thermal oxidation of Ir(100). During
the oxidation process at 1 mbar of O2 at 765 K, we observe first
a saturation of the surface with chemisorbed oxygen, followed
by a linear increase in the intensity of the O 1s peak
representing subsurface oxygen atoms, concurrently with a
linear decrease of the intensity of the metallic Ir 4f signal. Once
a critical concentration of subsurface oxygen was reached, the
film transformed spontaneously and very rapidly into the rutile
IrO2(110) structure. The presence of rutile IrO2 islands greatly
accelerates the dissociation of oxygen and leads to a sudden
increase of the oxygen content. This results in an increase of
the thickness of the IrO2 film and the disappearance of the
metallic Ir 4f signal from the underlying Ir(100) film. In this
study, we observe this kind of autocatalytic growth mode for
the first time using APXPS. Our findings demonstrate the
strength of APXPS to study adsorption and reaction
mechanisms, such as in situ oxidation of 4d and 5d transition
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oxygen incorporation into Ru(0001). J. Chem. Phys. 2004, 120 (8),
3871−3879.
(46) Bottcher, A.; Niehus, H. Oxygen adsorbed on oxidized
Ru(0001). Phys. Rev. B: Condens. Matter Mater. Phys. 1999, 60
(20), 14396−14404.
(47) Lampimak̈i, M.; Schreiber, S.; Zelenay, V.; Krěpelova,́ A.;
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